MF. S100A1 promotes action potential-initiated calcium release flux and force production in skeletal muscle. Am J Physiol Cell Physiol 299: C891-C902, 2010. First published August 4, 2010; doi:10.1152/ajpcell.00180.2010.-The role of S100A1 in skeletal muscle is just beginning to be elucidated. We have previously shown that skeletal muscle fibers from S100A1 knockout (KO) mice exhibit decreased action potential (AP)-evoked Ca 2ϩ transients, and that S100A1 binds competitively with calmodulin to a canonical S100 binding sequence within the calmodulinbinding domain of the skeletal muscle ryanodine receptor. Using voltage clamped fibers, we found that Ca 2ϩ release was suppressed at all test membrane potentials in S100A1 Ϫ/Ϫ fibers. Here we examine the role of S100A1 during physiological AP-induced muscle activity, using an integrative approach spanning AP propagation to muscle force production. With the voltage-sensitive indicator di-8-aminonaphthylethenylpyridinium, we first demonstrate that the AP waveform is not altered in flexor digitorum brevis muscle fibers isolated from S100A1 KO mice. We then use a model for myoplasmic Ca 2ϩ binding and transport processes to calculate sarcoplasmic reticulum Ca 2ϩ release flux initiated by APs and demonstrate decreased release flux and greater inactivation of flux in KO fibers. Using in vivo stimulation of tibialis anterior muscles in anesthetized mice, we show that the maximal isometric force response to twitch and tetanic stimulation is decreased in S100A1 Ϫ/Ϫ muscles. KO muscles also fatigue more rapidly upon repetitive stimulation than those of wild-type counterparts. We additionally show that fiber diameter, type, and expression of key excitation-contraction coupling proteins are unchanged in S100A1 KO muscle. We conclude that the absence of S100A1 suppresses physiological AP-induced Ca 2ϩ release flux, resulting in impaired contractile activation and force production in skeletal muscle. S100; excitation-contraction coupling; calcium signaling; muscle IN SKELETAL AND CARDIAC MUSCLE, action potential (AP) depolarization triggers Ca 2ϩ release from the sarcoplasmic reticulum (SR), which in turn enables actomyosin interaction and contractile force generation in a process termed excitationcontraction (EC) coupling. The small Ca 2ϩ -binding protein S100A1 positively modulates EC coupling in both skeletal and cardiac muscle (34, 39, 40, 48) . In skeletal muscle, S100A1 localizes to sarcolemmal invaginations known as transverse tubules (t-tubules) and the adjacent junctional faces of the SR (jSR) (7, 14, 40) . This region is termed the triad junction and houses the Ca 2ϩ release machinery of the muscle fiber (11, 16). S100A1 binds to the Ca 2ϩ release channel of the jSR ryanodine receptor type-1 (RyR1) and enhances RyR1-mediated Ca 2ϩ release (17, 39, 40, 48) . We have recently demonstrated that S100A1 competes with calmodulin (CaM) for the previously well-characterized CaM binding domain (CaMBD) on RyR1 (40, 55), a site documented to sensitize RyR1 to activation (43, 49) . Furthermore, single flexor digitorum brevis (FDB) muscle fibers isolated from transgenic mice lacking S100A1 [S100A1 knockout (KO)] demonstrate depressed global Ca 2ϩ transients upon stimulation by a single AP (41) or voltage clamp depolarization (39).
release flux initiated by APs and demonstrate decreased release flux and greater inactivation of flux in KO fibers. Using in vivo stimulation of tibialis anterior muscles in anesthetized mice, we show that the maximal isometric force response to twitch and tetanic stimulation is decreased in S100A1 Ϫ/Ϫ muscles. KO muscles also fatigue more rapidly upon repetitive stimulation than those of wild-type counterparts. We additionally show that fiber diameter, type, and expression of key excitation-contraction coupling proteins are unchanged in S100A1 KO muscle. We conclude that the absence of S100A1 suppresses physiological AP-induced Ca 2ϩ release flux, resulting in impaired contractile activation and force production in skeletal muscle. S100; excitation-contraction coupling; calcium signaling; muscle IN SKELETAL AND CARDIAC MUSCLE, action potential (AP) depolarization triggers Ca 2ϩ release from the sarcoplasmic reticulum (SR), which in turn enables actomyosin interaction and contractile force generation in a process termed excitationcontraction (EC) coupling. The small Ca 2ϩ -binding protein S100A1 positively modulates EC coupling in both skeletal and cardiac muscle (34, 39, 40, 48) . In skeletal muscle, S100A1 localizes to sarcolemmal invaginations known as transverse tubules (t-tubules) and the adjacent junctional faces of the SR (jSR) (7, 14, 40) . This region is termed the triad junction and houses the Ca 2ϩ release machinery of the muscle fiber (11, 16) . S100A1 binds to the Ca 2ϩ release channel of the jSR ryanodine receptor type-1 (RyR1) and enhances RyR1-mediated Ca 2ϩ release (17, 39, 40, 48) . We have recently demonstrated that S100A1 competes with calmodulin (CaM) for the previously well-characterized CaM binding domain (CaMBD) on RyR1 (40, 55) , a site documented to sensitize RyR1 to activation (43, 49) . Furthermore, single flexor digitorum brevis (FDB) muscle fibers isolated from transgenic mice lacking S100A1 [S100A1 knockout (KO)] demonstrate depressed global Ca 2ϩ transients upon stimulation by a single AP (41) or voltage clamp depolarization (39) .
The delayed rising phase and reduced amplitude of the Ca 2ϩ transient seen in S100A1 KO fibers (40) could be due to alterations in RyR1 activation kinetics, which have been demonstrated in single channel experiments (48) . Alternatively, changes in fiber excitation preceding RyR1 activation could account for these differences. Specifically, a latent or depressed AP would also explain the depressed Ca 2ϩ transients in S100A1 KO fibers. Here, therefore, we first optically recorded the propagated AP with a voltage-sensitive dye (di-8-aminonaphthylethenylpyridinium, di-8-ANEPPS) in intact wild type (WT) and KO FDB fibers to evaluate any possible contribution of an altered AP to the depressed Ca 2ϩ transients of KO fibers. Next, we utilized a myoplasmic Ca 2ϩ removal model (32) to characterize the effects of S100A1 on SR Ca 2ϩ release, as calculated from global Ca 2ϩ transients evoked by a single AP or train of APs. Finally, we evaluated whether or not the endogenous effect of S100A1 on single fiber Ca 2ϩ release translates to downstream effects on muscle force production in vivo. To this end, we recorded tension generated by the tibialis anterior (TA) muscle of anesthetized S100A1 KO and WT animals in response to various stimulation paradigms. We find that, as predicted by deficiencies in AP-evoked Ca 2ϩ release, TA muscles from S100A1 KO animals produce less force and fatigue more rapidly compared with their WT counterparts. Importantly, fiber size, fiber type, and expression of key EC coupling proteins were not changed in S100A1
Ϫ/Ϫ muscle. These findings support an in vivo role for the modulation of skeletal muscle function by S100A1.
MATERIALS AND METHODS
Animal care. All animals were housed in a pathogen-free facility at the University of Maryland, Baltimore. The animals were handled according to authorized procedures of the Institutional Animal Care and Use Committee, University of Maryland, Baltimore (Baltimore, MD). Mice were anesthetized using regulated delivery of isofluorane gas. After the these studies were completed, anesthetized mice were euthanized by cervical dislocation.
FDB fiber preparation. Fibers were prepared using enzymatic dissociation of FDB muscles of 6-to 7-wk-old C57 ϫ 129 WT and S100A1 KO mice and were cultured as previously described (30) . S100A1
Ϫ/Ϫ and WT control animals were obtained from Dr. Danna Zimmer, Texas A&M University. The generation and genotyping of these animals have been previously reported (40) .
AP recordings. Twenty-four hour cultured FDB fibers were loaded with 5 M di-8-ANEPPS in the incubator for 30 min, followed by three washes in Ringer solution. Fiber cultures were mounted on a Zeiss LSM 5 LIVE high-speed confocal system and stimulated with dual platinum field electrodes. Fiber fluorescence was excited with a 488-nm diode laser, and fluorescence emission above 505 nm was sampled following repeated line scans through the interior of fibers (100 s/line). The line scan was oriented perpendicular to the long axis of the muscle fiber at a depth of ϳ15-20 m into the belly of the fiber. Significant measures were taken to ensure that resulting signals were propagated APs and not artifacts imposed by stimulation (see RESULTS) . Signals were converted to Ϫ⌬F/F0 values, and four trials were averaged to increase the signal-to-noise ratio. APs were triggered using the same 1-ms electrical stimulus as in Ca 2ϩ release assays. All single fiber and whole muscle recordings were performed at room temperature, 22°C.
Fluo-4AM Ca 2ϩ transient recordings. AP-evoked Ca 2ϩ transients were monitored using the fluorescent indicator Fluo-4AM as previously described (40) .
Calculation of SR Ca 2ϩ release flux. To determine AP-induced Ca 2ϩ release flux, we applied a protocol consisting of a single stimulus and five consecutive tetani (200 ms; 100 Hz) separated by intervals of 200 ms (Fig. 4) providing six long relaxation intervals that allowed characterization of Ca 2ϩ removal in the absence of release (32, 33, 47 As a measure of whole muscle force production, we recorded tension generated by the TA muscle in vivo, as previously described (31) . Briefly, the distal TA tendon of anesthetized animals was surgically released and attached to a load cell. A 26-gauge needle was then inserted through the proximal tibia to stabilize the leg. The load cell was adjusted via a micromanipulator to stretch the muscle to a set resting length (11 mm), which was measured with digital calipers. TA contraction was then triggered via subcutaneous stimulation of the peroneal nerve, and the resulting force generated was sampled at 1 kHz and analyzed with Polyview acquisition software. We utilized several stimulation protocols, which are detailed in RESULTS, to evaluate force generation in S100A1 KO and WT animals. After contractile function experiments, animals were euthanized and the TAs were isolated and weighed. As muscle length was fixed in all experiments, and muscle density was assumed to be a constant 1.06 mg/mm 3 , physiological cross-sectional area (PCSA ϭ mass/density ϫ length) of the TA was solely a function of muscle mass. Force (F) was therefore normalized to TA mass to calculate specific force P0 ϭ F/PCSA.
Muscle sectioning, measurements of fiber diameter, and fiber typing. Immediately after the functional studies, TA muscles were dissected out and snap frozen in liquid nitrogen. Sections of frozen muscles (10 m thick) were cut on a cryotome and collected onto glass slides (Superfrost Plus; VWR, West Chester, PA) and labeled for immunofluorescence. Sections were labeled with rabbit antibodies against dystrophin (1:10, Dys-2, Lab Vision, Fremont, CA) and with mouse antibodies to the slow-twitch isoform of myosin heavy chain (MHC) (1:500, M4276, Sigma, St. Louis, MO). Tissue sections were washed three times with 1% BSA-PBS for 10 min before incubation with species-specific secondary antibodies coupled to Alexa dye 568 (dystrophin) or 488 (MHC) (1:100, Invitrogen, Carlsbad, CA). All fibers in a minimum of five fields from multiple sections of each TA muscle from 3 WT and 4 KO animals were blindly evaluated for minimum diameter of each fiber in the field and for the proportion of MHC-slow positive fibers. Minimum fiber diameter was measured using ImageJ software (NIH, Bethesda, MD; http://rsb.info.nih. gov/ij/).
Western blot and lysate preparation. Muscle homogenates were analyzed for RyR1, SERCA1, Parvalbumin, and GAPDH protein content as described previously (38) . Briefly, TA muscles from WT and S100A1 KO mice were dissected, homogenized, and supplemented with protease inhibitor cocktail (Roche Diagnostics). The homogenates were subjected to centrifugation at 10,000 RPM for 10 min at 4°C. The supernatant was extracted and stored. Protein concentrations were measured using a Nanodrop-1000 spectrophotometer (Thermo Scientific). Samples for electrophoresis were not boiled but were solubilized at 70°C for 10 min. Protein sample (10, 20, or 30 g) was fractionated by either 4 -12% bis-Tris SDS-PAGE or 3-8% Tris-acetate SDS-PAGE gels and transferred to PVDF membrane, at 20 V overnight at 4°C using electrophoretic transfer under wet conditions. Blots were then processed and probed for RyR1 (1:1,000, mouse monoclonal), SERCA1 (1 in 1,000, mouse monoclonal), Parvalbumin (1 in 1,000, goat polyclonal), and GAPDH (1 in 1,000, mouse monoclonal) diluted in 5% (wt/vol) milk in phosphate-buffered saline with 0.1% (vol/vol) Tween. Anti-RyR was purchased from Affinity BioReagents, Golden, CO; anti-SERCA1, anti-Parvalbumin, and anti-GAPDH were purchased from Sigma (St. Louis, MO). Blots were incubated with the appropriate horseradish peroxidase (HRP)-labeled secondary antibodies (KPL, Gaithersburg, MD). Films were developed following the exposure to chemiluminescent substrates to detect HRP on immunoblots. Either SuperSignal West Pico or the more sensitive SuperSignal West Femto (Pierce, Rockford, IL) ImageJ was used to quantify the intensity of bands following background subtraction.
Statistical analysis. All statistical analyses were performed using OriginPro8.0. All data are presented as means Ϯ SE unless otherwise noted. Normality of data sets was ensured for each statistical calculation. All significance tests used Student's t-test, with significance set at P Ͻ 0.05.
RESULTS
The AP is unchanged between WT and S100A1 KO muscle fibers. In skeletal muscle, the depolarizing AP triggers the movement of voltage sensors in the dihydropyridine receptor (DHPR, an L-type Ca 2ϩ channel), which in turn activates Ca 2ϩ release from the mechanically linked RyR1 (41, 44) . Therefore, either alterations in voltage sensor activation or AP waveform could explain the depressed Ca 2ϩ transients in fibers lacking S100A1. We have recently demonstrated that the initial RyR1-activating component of voltage sensor charge movement (termed "Q␤") is not changed in S100A1-deficient fibers, ruling out voltage sensor activation as a putative culprit for suppressed release (38, 39) . To evaluate any role of the propagated AP, here we measured AP properties using the potentiometric, lipophilic dye di-8-ANEPPS. This dye effectively stains the sarcolemmal and t-tubule membrane systems of skeletal muscle (Fig. 1A) , and its fluorescence emission decreases upon depolarization. It has been used previously to measure the AP in cultured FDB fibers and demonstrates rapid kinetics that essentially mimic those of electrical recordings of the AP (13) . No differences in di-8-ANEPPS staining pattern or intensity were detected between WT and KO fibers (data not shown). Before a comparison between fibers from WT and S100A1 KO mice, we first took measures to ensure that all di-8-ANEPPS signals represented propagated APs and not artifacts resulting from electrical stimulation or from fiber contraction. In Fig. 1B , a control fiber (black trace) is stimulated at time 0 and a rapid decrease in fluorescence, attributed to the depolarizing phase of the AP, is evident. During and after repolarization, the fluorescence markedly overshoots the baseline value due to a large and reproducible movement artifact contaminating these relatively small fluorescence signals. To ensure this signal resulted from an AP, we added 0.001 mM TTX to the bath and imaged the same fiber again after 60 s. As can be seen in the red trace of Fig. 1B , TTX completely eliminated any fluorescence change. In an effort to eliminate fiber movement, we coloaded another group of fibers with 50 M EGTA-AM simultaneously with the potentiomet- Under control conditions, fibers demonstrated a large movement artifact during and after repolarization (black trace). This was abrogated by loading fibers with 50 M EGTA-AM to buffer released calcium and prevent contraction (blue trace). Treatment of fibers with 100 nM TTX eliminated any fluorescence change (red trace). C: with the use of EGTA-AM/di-8-ANEPPS coloading protocol, AP recordings were highly reproducible and 4 APs were averaged for each trial to improve signal to noise. D: electrical stimulus artifacts in FDB fibers. Electrical signals elicited in the longitudinal middle of the FDB fiber always showed a downward deflection regardless of stimulus polarity (black trace) and were completely abrogated by TTX (red trace). However, even in the presence of TTX, electrical artifacts were seen at the ends of many fibers (orange and purple trace). These local signals alternated directionality with alternating stimulus polarity and promoted local depolarization, which triggered Ca 2ϩ release and local contraction [evidenced by the smaller movement artifacts following stimulation compared with control conditions, which elicited a homogenous fiber contraction (black trace)]. ric dye to buffer released Ca 2ϩ and prevent contraction during electrical stimulation. We found that this eliminated any movement artifact without affecting the AP time to peak or peak fluorescence (blue trace, quantified below). With the use of this coloading method, the AP signals were highly reproducible from pulse to pulse (Fig. 1C) . Typically four pulses were averaged to increase signal to noise, as demonstrated in Fig.  1C . N-benzyl-p-toluene sulfonamide, a contraction inhibitor commonly used in skeletal muscle, was not utilized to minimize movement artifacts, because it has been previously demonstrated to alter AP properties in mammalian muscle fibers (54) .
Electrical artifacts caused by local, direct fiber de-or hyperpolarization from field stimulation would be evident by a remaining di-8-ANEPPS signal in the presence of TTX. Such direct fiber polarization signals should alternate in directionality of the di-8-ANEPPS signal when alternating the polarity of field stimulation or show prolongation of the signal with increasing stimulus duration (hence not "all or none" behavior). When imaging the middle of the muscle fiber in regard to its longitudinal axis, we found no such evidence of electrical artifacts. However, when imaging either ends of the FDB fibers, we were able to identify electrical artifacts from field stimulation in TTX-treated fibers. This is depicted in Fig. 1D . The black trace represents the propagated AP recorded in the middle of the fiber evoked by stimulation at time 0. Upon treatment with TTX, the optical signal in the middle of the fiber is eliminated, as expected (red trace). However, upon imaging the ends of the fiber, brief stimulation artifacts that alternated with the polarity of stimulation were present following treatment with TTX (purple and orange traces). These electrical signals increased in duration upon prolonged stimulation (data not shown). The local depolarizations appeared to be independent of fiber orientation with regard to the field electrodes and were never found in the middle of the muscle fiber. Hence, APs were always recorded from the middle of the fiber and always stimulated using alternating polarity to check for unidirectionality of the AP signal. These APs presumably were propagated from the end of the fiber where the 1-ms pulse produced a local depolarization to trigger an AP (see DISCUSSION) . Figure 2A shows average AP traces optically recorded from 9 KO and 10 WT fibers. Visually, the propagated AP appears very similar between groups. These fibers were treated with 50 M EGTA-AM before stimulation to prevent movement artifacts. An additional group of fibers (WT: n ϭ 20, KO: n ϭ 17) was tested without EGTA-AM, and AP properties were found to be virtually identical between EGTA-treated and nontreated groups. Therefore, data between groups were pooled and analyzed. Figure 2B shows pooled data of AP properties between WT and KO fibers. No significant differences were found in the AP peak (WT ⌬F/F 0 ϭ 0.052 Ϯ 0.006, KO ϭ 0.05 Ϯ 0.005), time to peak (WT ϭ 1.27 Ϯ 0.26 ms, KO ϭ 1.36 Ϯ 0.27 ms), time to half-peak (WT ϭ 0.795 Ϯ 0.06 ms, KO ϭ 0.85 Ϯ 0.14 ms), or full-width half-maximum (WT ϭ 1.12 Ϯ 0.32 ms, KO ϭ 1.05 Ϯ 0.27 ms). These findings suggest that the AP is unchanged in the absence of S100A1 and therefore cannot account for alterations in SR Ca 2ϩ release.
AP-initiated Ca
2ϩ release flux is suppressed in S100A1-deficient fibers. Our previous reports evaluated Ca 2ϩ transients in S100A1
Ϫ/Ϫ fibers elicited by a single AP (40) or step-like depolarizations (39) . Here we sought to build on this work by evaluating Ca 2ϩ transients elicited by prolonged, high-frequency stimulation-induced AP activity, a more physiological firing pattern of motor units in small mammals (19) . Figure 3A (top) demonstrates the average fluo-4 fluorescence signals (⌬F/F 0 ) of fibers stimulated by a single AP and then followed by 100-Hz trains of stimuli lasting 200 ms and repeated every 1 s for 60 s. The average fluorescence records in response to trains of stimuli at the beginning and end of this stimulation paradigm are presented in Fig. 3, a.1 and a.2 , respectively, in a time-expanded version. The 100-Hz train produced a continuous increase in the amplitude of the Ca 2ϩ -dependent fluorescence signal throughout the train in WT fibers. By normalizing the traces in Fig. 3 , a.1 and 3a.2, to the first response in their respective train, the relative differences in Ca 2ϩ transient Fig. 2 . The AP is unchanged in S100A1 Ϫ/Ϫ fibers. A: average recordings of the AP in the t-system, reported as Ϫ⌬F/F0 di-8-ANEPPS signal, show similar AP waveforms in wild-type (WT) and knockout (KO) fibers. B: properties of APs in WT and S100A1
Ϫ/Ϫ FDB fibers. No significant change in AP peak amplitude, time to half-peak, time to peak, or full-width half-maximum (FWHM) was found between groups (P Ͼ 0.05, WT: n ϭ 20, KO: n ϭ 17).
summation during the train can be appreciated (Norm a.1 and Norm a.2). Summation during the first train of the stimulation paradigm appears roughly similar between WT and KO fibers (Norm. a.1), whereas summation during the last train following prolonged stimulation is reduced in KO fibers (Norm. a.2) In addition to the transient summation during the individual tetani, both WT and KO fibers showed an initial increase in the peak amplitude of the tetanic Ca 2ϩ transients that reached a maximum after about 10 s of the stimulation protocol (Fig. 3A,  top) . When normalized to the amplitude of the initial traininduced fluorescence signals, the percent increase in tetanic amplitude at 10 s was not significantly different between WT and KO fibers (Fig. 3C ) (WT% initial ⌬F/F0 ϭ 5.0 Ϯ 3.0%, n ϭ 5; KO ϭ 3.3 Ϯ 1.1%, n ϭ 9; P ϭ 0.53). This initial facilitation of tetanic Ca 2ϩ transient amplitude is consistent with previous single fiber analyses of repetitive stimulation (5) and is generally attributed to elevated inorganic phosphate initially stimulating release (4, 8) . WT fibers then sustained maximal tetanic amplitude for a longer duration than KO fibers, after which both WT and KO fibers eventually showed a consistent decline in train amplitude (Fig. 3B) . By evaluating the normalized traces displayed in Fig. 3B , it is clear that the amplitude of the tetanic Ca 2ϩ transient declines more rapidly in fibers lacking S100A1. After 30 s and at the end (t ϭ 60 s) of this high-frequency stimulation paradigm, KO fibers displayed a significantly greater percent drop in tetanic transient amplitude compared with WT fibers ( Figure 4A demonstrates average WT and KO responses to this high-frequency stimulation protocol normalized to the amplitude of the initial Ca 2ϩ transient. From these records it is evident that transient summation during the train appears roughly similar between WT and KO fibers for the first train but rapidly becomes impaired within seconds of high-frequency stimulation. Figure 4B zooms in on the last train in the series of five trains in Fig. 4A (box) and shows the average WT and KO responses normalized to the initial peak of the last train. Summation was then quantified as the ratio of the amplitude of the last peak in the train to the first peak. There was significantly reduced summa- 1B ). This result suggests that the amount of releasable SR Ca 2ϩ is not the primary factor limiting Ca 2ϩ release in S100A1 KO fibers and is consistent with a direct role of S100A1 on RyR1 channel function. S100A1 Ϫ/Ϫ and WT muscle demonstrate similar muscle morphology and expression of key proteins involved in EC coupling. Previous studies using adenoviral delivery of S100A1 (40) and patch pipette dialysis of S100A1 protein (38) into KO fibers to rescue functional phenotypes suggests a specific effect of S100A1 on SR Ca 2ϩ release. However, compensatory changes in muscle morphology, muscle fiber type, or protein expression could all potentially contribute to alterations in EC coupling and muscle function seen in S100A1 KO muscle. Therefore, we next sought to evaluate key properties of muscle morphology and protein expression in S100A1 KO and WT muscle. Frozen TA muscle from functional studies detailed below were sectioned and stained with antidystrophin and anti-MHC-slow antibodies to allow quantification of both muscle fiber diameter and the percentage of MHC-slow positive fibers (Fig. 5A) . Fiber diameter was not significantly different between WT and KO muscle fibers (WT ϭ 40.8 Ϯ 1.0 m, n ϭ 99 fibers, N ϭ 3 muscles; KO ϭ 39.4 Ϯ 0.8 m, n ϭ 109 fibers, N ϭ 4 muscles, Table 1 ). Likewise, the proportion of MHC-slow positive fibers was similar between groups (WT ϭ 10.3 Ϯ 2.1% slow fibers, N ϭ 3 muscles, KO ϭ 11.1 Ϯ 2.1% slow fibers, N ϭ 4 muscles, Table 1 ). We have previously demonstrated that fiber capacitance is also unchanged in S100A1 KO muscle fibers (38) . These results suggest that alterations in fiber size, capacitance, Ϫ/Ϫ fibers show a decreased Ca 2ϩ release flux for an initial stimulus that becomes further suppressed compared with WT fibers during the train. D: traces from C normalized to peak amplitude of release flux from the initial single stimulus during the train. S100A1 KO fibers show increased fractional inactivation during the train compared with WT counterparts. and the proportion of slow-type fibers cannot explain the functional deficiencies in S100A1 KO muscle.
We next checked for compensatory changes in the expression of key EC coupling proteins in WT and S100A1 KO muscle. Homogenates from frozen TA muscles were probed with anti-RyR1, anti-SERCA1, and anti-parvalbumin antibodies. Protein samples of 10, 20, and 30 g were probed to ensure that we obtained signals that were linear and not saturated to validate comparisons between groups (Fig. 5B) . RyR1, SERCA1, and parvalbumin expression were all unchanged in S100A1 KO muscle (Fig. 5C, Table 1 ). We have previously demonstrated that DHPR expression also is not altered in S100A1 KO muscle (38) . Combined, these results suggest that compensatory changes in several key proteins involved in the EC coupling pathway do not account for alterations in SR Ca 2ϩ release. S100A1 KO animals produce less force than WT counterparts. To address the physiological relevance of S100A1 in skeletal muscle function, we next determined whether the endogenous modulation of Ca 2ϩ release by S100A1 at a single fiber level translates to whole muscle function in vivo. As a measure of function, we recorded the maximal isometric contractile force produced by the TA muscles of anesthetized S100A1 KO and WT mice. Figure 6A shows representative force recordings from a WT and KO animal. The first two peaks are the twitch force from a single AP, with the third, sustained peak the maximum tetanic force resulting from a train of stimuli at 100 Hz for 200 ms. We used 100 Hz stimulation to elicit peak tetanic force, because stimulation at a greater frequency leads to a submaximal fused tetanus. There appears to be a decrease in the amount of force generated upon twitch and tetanic stimulation in muscle lacking S100A1, results typical of the animals tested. Figure 6B shows the pooled data of specific force (P 0 ) recorded from twitch and tetanic stimulation in 9 WT and 10 KO animals. KO animals elicited decreased force in response to a single AP (WT Twitch P 0 ϭ 47.3 Ϯ 3.5 mN/mm 2 , KO ϭ 37.7 Ϯ 2.8 mN/mm 2 ; P Ͻ 0.05), as well as in response to a 200-ms, 100-Hz train of APs to elicit maximal tetanic force (WT Tetanic P 0 ϭ 145.3 Ϯ 8.7 mN/mm 2 , KO ϭ 109 Ϯ 11.1 mN/mm 2 ; P Ͻ 0.01). A summary of the biometrics and force data from these experiments is listed in Table 2 . There were no differences in body weight or muscle weight of these animals.
Next, we evaluated the in vivo specific force versus frequency (P 0 vs. F) relationship in these animals by eliciting TA contraction with AP trains of 10, 20, 40, 60, 80, and 100 Hz. As noted above, the peak of the tetanic transient decreased consistently with increased frequency after 100 Hz in both WT and KO animals, as monitored up to 350 Hz, and is not included in this analysis. Figure 6C shows the average P 0 versus F relationship from 8 WT and 9 KO animals. There data were fit by a sigmoidal function: (Table 1) . B: representative Western blots of key proteins in EC coupling. TA homogenates containing 30, 20, and 10 g protein (to prevent the measurement of saturated signals) were probed for RyR1, SERCA1, and Parvalbumin, with GAPDH used as a loading control. C: protein expression in S100A1 KO muscle, relative to the percent expression in WT muscle. Values expressed as means Ϯ SD (data from three replicates for each protein concentration, each from three different WT and KO TA samples). The expression of key players in EC coupling were unchanged in S100A1-deficient muscle. 
where P 0min gives the minimum specific force, P 0max gives the maximum specific force, F half defines the frequency where P 0 ϭ 0.5 of P 0max , and 1/k is a measure of the steepness of the P 0 vs. F relationship. The WT fit demonstrated parameters of P 0min ϭ 47.5 mN/mm 2 , P 0max ϭ 142.8 mN/mm 2 , F half ϭ 30.1 Hz, and k ϭ 7.4 Hz. The KO fit demonstrated parameters of P 0min ϭ 38.0 mN/mm 2 , P 0max ϭ 113.0 mN/mm 2 , F half ϭ 30.4 Hz, and k ϭ 8.3 Hz. While specific force was significantly decreased at 0, 40, 60, 80, and 100 Hz stimulation in animals lacking S100A1, there was no difference in the frequency dependence of the development of force, as illustrated by the normalized P 0 vs. F fits in Fig. 6D and quantified by the very similar F half and k values of the sigmoidal fits to WT and KO P 0 vs. F relationships. S100A1 KO muscle fatigues more rapidly than WT counterparts. Given the more rapid decline in Ca 2ϩ transient amplitude (Fig. 3, B and C) and greater fractional inactivation (Fig. 4B ) during repetitive stimulation of isolated muscle fibers lacking S100A1, we next sought to evaluate the effects of S100A1 on the maintenance of maximal force during repetitive stimulation in vivo. The fatiguing paradigm consisted of 200-ms, 100-Hz trains to elicit maximal force, spaced every 2 s, for 300 s. Force was recorded continuously for each of the 150 tetani over the time of stimulation. Figure 7A (bottom) illustrates representative force recordings from WT and KO animals during the first tetanus at time ϭ 0 (a.1) and during the last tetanus after 300 s of the fatiguing paradigm (a.2). Force was significantly reduced in both groups at the end of this protocol, with WT and KO animals exhibiting a ϳ65 and 75% loss of force, respectively (Table 2 ). Figure 7A , top, illustrates the individual fatigue time course of these same two animals. Between each tetanus, force returned back to baseline. By simple visual inspection the KO appears to show a more rapid decline in maximal contractile force, particularly over the first 100 s of stimulation. Individual fatigue records were normalized to the initial force generated by each animal, and the data points representing the peak of each tetanus were fit to an exponential decay function to quantify the rate of fatigue between WT and KO animals (Fig. 7B) . The decay in force over time of stimulation was described by a single exponential:
where P 0 is the specific force, A is the amplitude, t is the time (s), is the decay time constant, and P 0 (0) is the steady-state offset. Figure 7B shows the average decay from normalized fatigue records of WT and KO animals. Each WT and KO fatigue record was fit and the decay time constants averaged as Fig. 6 . S100A1 Ϫ/Ϫ muscle produces less contractile force in vivo. A: representative force recordings from WT and KO animals. The initial two peaks are from single stimuli, whereas the third larger force transient was elicited by a 200-ms, 100-Hz train of stimuli that generated maximal tetanic force. B: pooled data from 9 WT and 10 KO animals. Twitch force was significantly reduced ϳ23% in KO animals (P Ͻ 0.05), while maximal tetanic forcewas reduced ϳ25% (P Ͻ 0.01). C: specific force (P0) plotted vs. the frequency of stimulation for 8 WT and 9 KO animals. Continuous line is the best fit of a sigmoidal function (Eq. 1 in text) to each data set. D: normalized force vs. frequency curves shows that the frequency dependency of force generation is similar in WT and KO animals. Fig. 7C , animals lacking S100A1 demonstrated a significantly faster rate of decline in peak force compared with WT counterparts (WT ϭ 107.1 Ϯ 11.6 ms, n ϭ 7 animals; KO ϭ 50.1 Ϯ 13.3 ms, n ϭ 8 animals; P ϭ 0.007). The final level of this exponential fit represents the specific force following the fatiguing paradigm relative to initial force, which was not found to be significantly different between groups (WT ϭ 0.345 Ϯ 0.062, KO ϭ 0.241 Ϯ 0.034, P Ͼ 0.05). These results suggest that muscle lacking S100A1 fatigues more rapidly than WT counterparts.
DISCUSSION
Here we demonstrate, for the first time, an in vivo role for S100A1 in the modulation of skeletal muscle contractile force and fatigue. We show that muscles lacking S100A1 exhibit decreased twitch and tetanic force production and fatigue more rapidly than WT counterparts (Figs. 6 and 7) . Suppressed force was anticipated based on our finding that KO fibers exhibit decreased SR Ca 2ϩ release flux in response to AP stimulation (Fig. 4) , and more rapid fatigue was suggested by the greater decline in Ca 2ϩ transient amplitude with prolonged stimulation of KO fibers (Figs. 3 and 4) . We provide evidence that alterations in release are likely due to S100A1 modulation of RyR1 and not a consequence of upstream regulation of the propagated AP (Fig. 2) or voltage sensor of EC coupling (39) . We also provide evidence that functional differences are not a result of compensatory changes in muscle morphology, fiber type, or expression of key EC coupling proteins (Fig. 5) . These endogenous effects of S100A1 are consistent with previous findings that exogenous S100A1 enhances RyR1-mediated Ca 2ϩ release on a single channel level (48) and in skinned fibers (35) . Furthermore, our findings and others' suggest that these effects are independent of alterations in SERCA1 function (17, 35, 39, 40) or the releasable SR Ca 2ϩ content (supplementary Fig. 1 ) (35) . The accumulating data therefore strongly supports endogenous S100A1 directly modulating RyR1 Ca 2ϩ release. Electrical properties of WT and S100A1-deficient muscle. In our laboratory, we recently found that S100A1 modulates the AP in sympathetic ganglion neurons; however, this seems to be dependent on S100A1 augmentation of Ca V 1 channel currents (20) . The AP in skeletal muscle propagates along the sarcolemma and into the T-system, with the depolarizing phase mediated by the opening of voltage-dependent Na ϩ channels, and repolarization due in part to the inactivation of Na ϩ channels and the opening of voltage-dependent K ϩ and Cl Ϫ channels, with minimal influence of voltage-dependent Ca 2ϩ channels (22, 24, 53) . The afterdepolarization of skeletal muscle is composed of two phases, an early one considered to be caused by spreading of the spike into the T-system and a late one due to an accumulation of potassium ions in the T-system, which increases with repetitive APs (6, 24, 26) . While no reports of S100A1 regulation of Na ϩ channels or sarcolemmal morphology have been documented to our knowledge, a recent report does show prolonged ventricular repolarization (due to suppressed K ϩ currents) in S100A1-deficient mice (1) . If this were recapitulated in skeletal muscle, it would most likely lead to prolonged Ca 2ϩ release in KO fibers, in disagreement with our previous findings (40) . Therefore, we hypothesized AP properties would be similar in WT and KO fibers. Nevertheless, a latent or depressed AP would explain the depressed Ca 2ϩ transients in KO fibers, and therefore as an appropriate control, we assayed the propagated AP in the T-system of S100A1 Ϫ/Ϫ and WT FDB fibers. We found no differences in AP properties between groups, and therefore conclude that a depressed AP cannot explain the blunted Ca 2ϩ release in the absence of S100A1.
Our use of membrane potential-sensitive dyes did uncover some noteworthy electrical properties of FDB fibers in culture. Ϫ/Ϫ muscle fatigues more rapidly that WT muscle. A: top, decline in maximum tetanic force during fatiguing stimulation in representative WT (black) and S100A1 Ϫ/Ϫ (red) TA muscles. Muscles were stimulated with 200-ms, 100-Hz trains every 2 s for 300 s. The KO muscle displays a greater initial rate of force loss. The peaks of each of the 150 force transients recorded throughout the fatiguing paradigm were fit to a single exponential decay. Bottom, tetanic force transients from WT and KO muscle before (a.1; t ϭ 0 s) and after (a.2; t ϭ 300 s) fatiguing paradigm. B: average decline in force from the individual decay fits of 7 WT and 8 KO animals, normalized to the specific force at the beginning of the fatiguing paradigm. The decay of these exponential fits was used as an indicator of the rate of fatigue. C: pooled data of the rate of force decline in WT and KO animals. KO animals demonstrated a significantly increased rate of fatigue (WT ϭ 107.1 Ϯ 11.6 ms, n ϭ 7 animals; KO ϭ 50.1 Ϯ 13.3 ms, n ϭ 8 animals; P ϭ 0.007). The final level of fatigue was not found to be significantly different between groups (WT ϭ 0.345 Ϯ 0.062, KO ϭ 0.241 Ϯ 0.034, P Ͼ 0.05).
In the presence of TTX (used to block muscle fiber APs), stimulation artifacts were detected at the ends, but not in the middle, of fibers stained with di-8-ANEPPS (Fig. 1D) . The increased sensitivity to local depolarization may be due to current entry or exit across the fiber membrane at the ends of the fiber, with longitudinal current flow in the fiber interior over most of the fiber length. Of note, these local depolarizations also elicited substantial Ca 2ϩ transients and contraction that locally appeared roughly similar to those evoked by an AP, and therefore measures should be taken to ensure the homogenous, all-or-none nature of Ca 2ϩ transients when using this muscle fiber preparation.
Force production in S100A1 Ϫ/Ϫ animals. The deficits in contractile force recorded here appear solely attributable to a decrease in the specific force of fast twitch skeletal muscle from S100A1
Ϫ/Ϫ animals. S100A1 KO animals exhibit alterations in cardiac function (1, 34) and central nervous system behavior (2), and therefore any evaluation of skeletal muscle performance must attempt to bypass these influences. This complicates the interpretation of standard murine assays of muscular performance used in the field, such as treadmill/ wheel running or grip strength assays. For this reason we directly stimulated the dorsiflexors of the anesthetized animal and recorded contractile force to evaluate in vivo effects specific to skeletal muscle.
There are several intermediate steps linking Ca 2ϩ release with the development of tension that could be influenced by the lack of S100A1. Importantly, Most et al. (35) found that S100A1 did not alter maximal Ca 2ϩ -dependent tension development and had no effect on the pCa-tension relationship in skinned murine EDL and soleus fibers. Our findings are in agreement with this report, as the similar force-frequency relationship between WT and KO animals (Fig. 6D) argues against a significant in vivo role for the modulation of myofilament sensitivity by S100A1 in our murine model. One technical limitation of this study is the inability to record Ca 2ϩ and force development simultaneously in S100A1 KO muscle. Future studies should aim to measure both parameters simultaneously under physiological conditions to optimally address the relationship between suppressed Ca 2ϩ release and contractile force.
Fatigue in S100A1 Ϫ/Ϫ muscle. The increased rate of fatigue in KO muscles (Fig. 7) suggests that deficiencies in SR Ca 2ϩ cycling may become exacerbated upon repetitive stimulation of the muscle (Figs. 3 and 4) . Interestingly, these deficiencies in Ca 2ϩ cycling do not appear attributable to the impaired ability of the SERCA1 to pump Ca 2ϩ back into the SR. In cardiac muscle, S100A1 enhances SERCA2a function, resulting in more efficient Ca 2ϩ cycling, specifically upon stressing the heart (25, 34) . However, enhanced SERCA2a function is mediated through phospholamban (25), which is not highly expressed in fast twitch skeletal muscle. In agreement with this proposed mechanism, S100A1 was shown to have no effect on SR Ca 2ϩ load and SERCA1 pump function in skinned fasttwitch EDL muscle and SR vesicles (35) or terminal cisternae preparations (17) . Our studies potentiating Ca 2ϩ release with 4-CmC are consistent with this finding and suggest that the releasable SR Ca 2ϩ store is not a limiting factor in the suppression of Ca 2ϩ release in S100A1 KO fibers (supplementary Fig. 1) . Additionally, KO FDB fibers exhibit no changes in the decaying phase of electrically evoked Ca 2ϩ transients compared with WT fibers (39, 40) , an indicator of normal SERCA1 function. This, combined with our present findings (Figs. 3B and 4B), suggests impaired RyR-mediated Ca 2ϩ release, which is exacerbated upon repetitive challenging of the Ca 2ϩ release machinery, may be responsible for the increased rate of fatigue in S100A1-deficient muscle.
It is difficult to directly compare the decline in Ca 2ϩ transient amplitude from isolated single fibers (Fig. 3) to the fatigue of contractile force in whole muscles from living animals (Fig. 7) . First, the isolated fiber is an overly simplified model for fatigue, as it lacks the complexity of neurovascular compensation for fatigue inherent to the living animal. Second, impaired Ca 2ϩ cycling is not the only determinant of fatigue, even in the absence of neurovascular flow. However, declining SR Ca 2ϩ release is a major, if not predominant, contributor to the decline in force associated with repetitive activity. This is demonstrated by the fact that pharmacologically enhancing release to prefatigue levels with RyR1-agonists overcomes the majority of force decline associated with fatigue (3, 52) . The decline in release has been attributed to a number of mechanisms which both directly and indirectly affect RyR1 (3). Depletion of cellular ATP/elevation of Mg 2ϩ , acidosis, AP failure, inadequate voltage-sensor activation, elevated inorganic phosphate (P i ), and the production of reactive oxygen species (ROS) may all contribute to impaired release concomitant with fatigue. Additionally, defective store-operated calcium (SOC) entry has been linked to exaggerated muscle fatigue during prolonged stimulation (36) . However, acidosis and AP failure have been shown to contribute minimally to the decline in AP-evoked release in intact fibers (15, 27, 37) , and no overt evidence of S100A1 modulation of SOC entry, ROS, or P i production exists to our knowledge. Therefore, while each of these possibilities must still be addressed as potential mechanisms of fatigue modulated by S100A1, a predominant role appears unlikely.
Increased depletion of cellular ATP presents one attractive contributor to the more rapid rate of fatigue in S100A1 Ϫ/Ϫ muscle, based on the findings of Boerries et al. (12) , who showed that S100A1 interacts with the mitochondrial F1-ATPase to increase ATP content in cardiomyocytes (12) . ATP must be bound to a cytoplasmic regulatory site on RyR1 to activate the channel normally, with a half-maximal stimulation (EC 50 ) of ϳ0.5 mM ATP (29) . Therefore, decreased ATP content in KO fibers, which, when depleted by fatigue, more rapidly undershoots the EC 50 of RyR1 activation, could contribute to the declining release concurrent with repetitive activity in muscle lacking S100A1. Furthermore, as most ATP is bound to Mg 2ϩ at rest, the free Mg 2ϩ content has been shown to rise from ϳ1 to 2 mM or more when ATP is depleted (50) . Mg 2ϩ strongly inhibits RyR1 (10, 28) , and the S100A1's enhancement of RyR1 activity is proposed to be sensitive to Mg 2ϩ (35 ] could independently or additively contribute to the accelerated decline in Ca 2ϩ release with repetitive stimulation of KO fibers. An alternative, provocative hypothesis to account for the impaired release with repetitive stimulation of KO fibers stems from the competition between S100A1 and CaM for endogenous regulation of RyR1. S100A1 and CaM compete for the same binding site (calmodulin binding domain, CaMBD) on RyR1 at physiological Ca 2ϩ concentrations (40, 55) . S100A1 binds and increases RyR1 P o at nanomolar Ca 2ϩ concentra-tions (48) . Apo-CaM also binds to the CaMBD at nanomolar Ca 2ϩ and is a weak activator of RyR1, while at micromolar [Ca 2ϩ ] i , as occurs in the stimulated muscle fiber, Ca-CaM binds more tightly to the channel and acts as a strong inhibitor of RyR1 (42, 49) . Mutation of a single amino acid in the CaMBD of RyR1 (L3625D) reduces CaM binding and regulation of recombinant RyR1 (56) , and this same mutation abrogates S100A1 binding (D. J. Weber, personal communication). Experiments with a genetic mouse strain expressing the RyR1-L3625D mutation suggest that both S100A1 activation of RyR1 and Ca-CaM inhibition of both the isolated and in situ Ca 2ϩ release channel are markedly impaired (G. Meissner, M. F. Schneider, unpublished observations).
These findings suggest that endogenously, as cytosolic Ca 2ϩ increases with repetitive stimulation, Ca-CaM binds the CaMBD of RyR1 and inhibits release, perhaps through displacement of S100A1 bound to this same site. This putative role of Ca-CaM is consistent with what is seen here in S100A1 KO fibers, where, as its endogenous competitor has been removed, Ca-CaM is free to bind and regulate RyR1. In the normalized records of Fig. 3 and 4 , it is evident that following prolonged stimulation and an elevation of cytosolic Ca 2ϩ , fibers lacking S100A1 show reduced summation of the Ca 2ϩ transient during the train of APs (Fig. 3, a.2 and Fig. 4B ) and greater transient rundown (Fig. 3, B and C) , consistent with an increased inhibitory role of Ca-CaM. In further support of this role, Fig. 4D shows that S100A1 KO fibers demonstrate more pronounced inactivation of Ca 2ϩ release flux during a train of stimuli. These data support the hypothesis that in the absence of S100A1, Ca-CaM plays a larger role in the inactivation of Ca 2ϩ release during prolonged stimulation, which may contribute to the rapid fatigue of S100A1-deficient muscle (Fig. 7) . Important additional experiments must be performed to focus on the precise mechanism by which S100A1 and CaM may regulate muscular fatigue.
In summary, our results support the hypothesis that S100A1 is an important endogenous regulator of skeletal muscle performance in vivo. Our data suggest that ablation of S100A1 leads to impaired SR Ca 2ϩ release, which further deteriorates upon repetitive challenging of the Ca 2ϩ release machinery. Accumulating evidence suggests suppressed release is attributable to a direct effect of S100A1 on RyR1, independent of AP, voltage sensor, or SERCA1 dysfunction. Impaired Ca 2ϩ handling is consistent with the decreased contractile force and rapid fatigue of S100A1-deficient muscle. 
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